Purpose Cancer survivors are at greater risk of comorbidities and functional decline due to physiological and psychological stress which can be measured by salivary cortisol. If saliva is used, multiple samples must be collected to accurately quantify long-term stress; however, fingernail (FN) and toenail (TN) clippings offer an opportunity to measure retrospective cortisol levels in a non-invasive manner. Methods Three sets of FN and TN clippings were collected at 12-month intervals in conjunction with saliva samples from cancer survivors (n = 109) participating in two clinical trials. FN and TN samples were stored at room temperature (RT); a subset underwent additional processing and freezing before analysis. Cortisol levels were determined via enzyme immunoassay, and correlation coefficients were generated to determine overall correspondence of the individual measures. 
Introduction
Cancer survivors are at increased risk of chronic diseases, functional decline, and psychological disability compared to adults without a history of cancer [1, 2] . Fear of recurrence and post-traumatic stress from diagnosis and treatment are prevalent in cancer survivors and have physiological sequelae resulting from chronic stress [3] [4] [5] [6] [7] . Psychological and physiological stressors induce the production of cortisol, which is a glucocorticoid hormone that helps regulate several biological processes. Importantly, elevated and dysregulated cortisol levels have been associated with increased mortality in survivors of multiple cancer types [8] [9] [10] [11] [12] [13] [14] .
Cortisol is measured in sera, plasma, urine, and saliva; however, these measures are subject to daily fluctuations and only reflect cortisol levels relative to the minutes to hours prior to collection [15] . Measuring long-term cortisol entails collecting multiple samples over periods of interest, which increases participant burden and can lead to non-adherence [16] . These limitations have prompted the exploration of measuring cortisol levels in other tissues with potential for less rapid turnover, such as the hair [17, 18] and nails [19] . Hair cortisol is a reliable measure [17, 18] ; however, collection can be unacceptable for cultural reasons [18] , may be tainted by hair treatments (e.g., bleaching or coloring of hair) [20] , and has shown mixed correlations to urine [21] and salivary samples [22] . Additionally, the collection of hair samples may be difficult in populations that experience hair loss or baldness, i.e., cancer patients treated with chemotherapy or older adults [23, 24] .
Cortisol levels have been evaluated in nails of other mammals [25, 26] and only recently in humans [27] . Though growth rates of fingernails (FN) and toenails (TN) differ between individuals, it is estimated that FN grow at 3 mm/ month and TN at 1 mm/month [28] . Recent studies suggest FN clippings represent accumulation of cortisol over a 4-5 months period [19, 29] . Therefore, extracting cortisol from FN and TN clippings may provide a longer-term and more chronic measure of stress, with minimal invasiveness, convenient storage methods with minimal sample degradation, and may be more acceptable than collecting hair samples. Because cancer survivors may experience greater levels of post-treatment stress, this population provides a unique opportunity through which highly varied levels of cortisol could be anticipated [30] .
We sought to examine the relationship between nail and salivary cortisol in cancer survivors participating in vegetable gardening interventions over an extended time period of at least 12 months [31] . We hypothesized that FN and TN cortisol concentrations would correlate with each other, as well as with salivary cortisol collected at corresponding time points. Additionally, we sought to explore the effects of storage and processing methods on nail cortisol levels.
Materials and methods

Participants
Adult cancer survivors participating in one of two similarly designed vegetable gardening trials provided written informed consent and agreed to the collection of their TN, FN, and saliva samples at all study visit time points [31] . Briefly, both studies utilized a waitlist control design to test the feasibility of one-year home-based vegetable gardening interventions in the greater Birmingham, AL area (n = 66) and throughout the state of Alabama (n = 43). The larger study comprised of female breast cancer survivors and the smaller study comprised of female and male survivors of several cancer types. Data and biospecimens were collected at baseline, 12-, and 24-months for the larger study, and at baseline and 12-months for the smaller study.
Sample collection and preparation
Biological specimens were obtained from study participants during annual in-home assessments. Prior to the visit, the participant was instructed not to consume alcohol, caffeine, or nicotine for 12 h and not to brush their teeth within 45 min of saliva collection. 74.9% of assessments and saliva collection occurred between 8 a.m. and 2 p.m. At the time of the visit, the participant rinsed their mouth with water 10 min prior to saliva collection. Saliva was collected using SalivaBio Oral Swab kits (Salimetrics ® , Carlsbad, CA, USA). An oral swab was removed from sealed packaging, placed under the participant's tongue for 2 min, then placed directly into a storage tube, and kept at 4 °C until final storage at − 80 °C.
Participants were instructed to clip FN and TN into prelabeled bags prior to the assessment. Approximately 1-3 mm of the unattached anterior portion of the nails was clipped using nail clippers. At the 12-and 24-month time points of the larger study, each nail sample was divided into two portions: one for room temperature (RT) storage, and the other for frozen storage [19, 32] . Nail samples for frozen storage were vortex-washed twice with 5 ml of isopropanol for one minute. Isopropanol was discarded, and the nails were dried overnight. On the second day, dried nails were stored at − 80 °C until analysis. RT nail samples were stored in a filing cabinet after collection and held until further analysis. Approximately 20 mg of nails were used for cortisol analysis. All samples were collected from January 2014 to April 2016. Splitting and subsequent freezing of samples began in January 2015 and continued for the duration. All samples were analyzed in February 2017, hence storage lasted 10-37 months.
Nail processing
For cortisol analysis, FN and TN were processed using a slightly modified procedure as described by Warnock et al. and Meyer et al. [19, 32] . All frozen and RT nail samples were washed twice with 2 ml isopropanol and dried overnight. The dried nail samples were added to a preweighed tube containing three 5 mm steel grinding balls (Retsch, Haan, Germany) and ground using a TissueLyser II (Qiagen Venlo, Netherlands) at 30 Hz for 9 min. Methanol (1 ml) was added per 50 mg of powdered nail (w/v) and placed on a rotator for 18 h at RT to extract the cortisol. Samples were then centrifuged at 10,000×g for 5 min. The supernatant (800 μl/50 mg) was transferred to a clean tube and evaporated under nitrogen gas in a certified fume hood. The evaporated sample was re-suspended in 400 μl of phosphatebuffered saline (pH 7.4) per 50 mg of ground sample (w/v).
Cortisol assays
Storage tubes for saliva were thawed and centrifuged prior to cortisol assay. Cortisol was analyzed using 25 μl of saliva or nail extracts according to the manufacturer's protocol (Salimetrics ® , Salivary Cortisol Enzyme Immunoassay Kit, 1-3002, State College, PA). If cortisol readings were outside the range for the standard curve, the samples were either diluted or concentrated and re-run using the same 25 μl volume and within the standard curve. The inter-assay coefficient of variation was 4.7% for the high standard, 14% for the low standard, < 12% for control biological replicates (n = 5), and within the manufacturers recommendations. Data were analyzed using StatLIA Enterprise 2.2 software, and are represented as nmol/gram for FN and TN and μg/dL for salivary cortisol levels.
Demographics, diagnoses, and anthropometrics
Participant demographics, cancer type, and diagnosis date were obtained from self-report. Height and weight were measured during the in-home assessments using standard procedures; BMI was derived as kg/m 2 .
Statistical analysis
Data were analyzed using SPSS Statistics Version 24.0 (IBM Corp, Armonk, NY, USA). Descriptive statistics were obtained, and Pearson correlations were used to determine relationships between cortisol measures at each time point. RT samples were correlated controlling for time point (frozen samples were not processed at all time points and excluded from this analysis). Cortisol data also were logtransformed and analyzed for bivariate and intraclass correlation. Chi-square tests were used to explore differences in high vs. low cortisol levels (high and low quartiles) for the same demographic and anthropometric groups. Additionally, relationships between race, BMI, age, and cancer type were explored using analysis of variance.
Results
One hundred nine cancer survivors provided biological samples over the course of the 2-year period (Table 1) . Participants were primarily female and had been diagnosed with and treated previously for breast cancer. Mean age of participants at baseline was 64 years, and average BMI was 29.7 kg/m 2 . Participants were 5.9 ± 6.2 years post-diagnosis at baseline. Participants in the larger study population were younger (age 60.2 ± 11.1 years vs. 70.3 ± 8.0 years), more racially diverse (27% black vs. 2% black), and only female survivors of breast cancer; 31% of participants in the smaller study were male. Years since diagnosis and BMI did not differ between groups.
Ninety-six TN samples and 89 FN samples were submitted that were divided for both frozen and RT processing. 85 participants provided both TN and FN samples adequate for divided processing. Of the frozen samples, 13 TN (13.5%) and 29 FN (32.6%) had insufficient mass (< 10 mg) for analysis; of the RT samples, 14 TN (14.6%) and 19 FN (21.3%) had insufficient mass for analysis.
A total of 143 TN and 143 FN samples were submitted by study participants that were not divided for frozen and RT storage; a total of 13 TN and 18 FN were not submitted by participants (refusal due to short nails or fear of inducing injury). Of those submitted, 14 TN (9.8%) and 28 FN (19.6%) had insufficient mass for processing. Additionally, samples with nail polish that could not be removed resulted in implausibly high cortisol levels that were greater than two standard deviations from the mean and were not included in analyses (n = 12). Mean cortisol levels for frozen samples were 0.0152 ± 0.0394 nmol/g (median 0.0049, 10th-90th percentile 0.0019-0.0250 nmol/g) and 0.0290 ± 0.0624 nmol/g (median 0.0084, 10th-90th percentile 0.0021-0.00622 nmol/g) for TN (n = 79) and FN (n = 55), respectively. RT TN (n = 200) and FN (n = 174) cortisol levels were 0.0607 ± 0.3004 nmol/g (median 0.0062, 10th-90th percentile 0.0013-0.0916 nmol/g) and 0.0870 ± 0.3319 nmol/g (median 0.0097, 10th-90th percentile 0.0037-0.1196 nmol/g), respectively. Differences between RT and frozen samples were not significant (paired sample t tests, p = 0.152 and p = 0.744 for TN and FN, respectively). Mean salivary cortisol (n = 226) was 0.2894 ± 0.5683 μg/dL (median 0.1630, 10th-90th percentile 0.0589-0.4633 μg/dL) for all samples.
Correlations for all samples from all time points are reported in Table 2 . Matched RT and frozen samples were highly correlated for TN (r = 0.950) and FN (r = 0.784). RT TN and RT FN samples were significantly correlated (r = 0.621), as were frozen TN and frozen FN samples (r = 0.310). RT, but not frozen TN and FN samples correlated with salivary cortisol (r = 0.580 and r = 0.287 for RT TN and FN, respectively). Data for each time point indicate concordance for saliva, TN and FN samples, with correlations of RT TN and saliva having the largest statistical significance (Table 2) .
Partial correlations for RT samples are included in Supplementary Table 1 . Associations between all samples were attenuated when controlling for time of collection, with only TN and FN remaining significantly correlated. Log-transformation of RT data only slightly decreased significant associations at each time point when compared to non-transformed data (Supplementary Table 2 ). Intraclass correlation coefficients for the RT and salivary cortisol measures indicate high reliability for TN and FN, and only moderate reliability for salivary cortisol [33] .
Post-hoc analyses indicate cortisol levels did not differ between race, gender, age group, years since diagnosis, or BMI category. Because TN cortisol measures had the greatest standard deviation, the highest and lowest quartiles of baseline TN cortisol were compared and no age or BMI differences were found.
Discussion
To our knowledge, this is the first study in cancer survivors, to report a positive and significant correlation between TN, FN, and salivary cortisol levels. Additionally, we found that compared to RT storage, washing and freezing samples did not significantly alter cortisol levels within nail samples. However, RT nail samples were more strongly correlated with salivary cortisol, and TN samples were most reliably associated with salivary cortisol across time points.
Collecting sufficient samples, however, was problematic in this study. For samples that were not divided into RT and frozen storage analysis, 11.5% of samples were not of sufficient mass for processing. Future studies should provide participants with a visual depicting an adequate sample of clippings as well as give the patients adequate notice to allow sufficient growth of their nails prior to collection.
The subsamples of TN and FN that were subsequently frozen resulted in lower cortisol concentrations, though the differences did not reach statistical significance. It is possible that the additional processing (propanol washing and drying) drew off additional amounts of cortisol on the surface of the clippings. Though this cannot be determined from our results, future studies should ensure that all samples receive identical processing, including number of washes.
Correlations at each time point indicated that the associations between nail and salivary cortisol were consistent and reliable. However, the lack of significant associations at the 24 month time point may be due to the decrease in sample size, as only one study collected samples at this time. This may also be due in part to the larger study sample having an age range of 44 years compared to 31 in the smaller study.
Previous reports correlating hair cortisol to age [34] and BMI [35] in general populations were not supported by the results of our study, either because we assessed cortisol in nails (not hair) or because our population of cancer survivors differed from these healthy populations. Additionally, cortisol levels did not differ significantly between time points. This does raise questions as to the utility of nail cortisol as a sensitive indicator of stress in lifestyle interventions. Because the samples were taken at 12-month intervals, this study does not negate the possibility that nail cortisol levels fluctuate throughout the year [36] , so further investigation is warranted.
In humans, only three other studies have been published analyzing FN cortisol levels. Most recently, cortisol levels measured in FN, TN, and facial hair samples from 19 young men were collected in 3-month intervals from college-aged males and significant correlations were observed between FN and TN (r = 0.610, p < 0.001), with each also correlating with facial hair [27] . One pilot study assessed FN cortisol levels in students before taking final exams, and again 5 months later. Cortisol was slightly higher (p = 0.256) in the post-exam samples; however, there was no control group and other biomarkers were not assessed [19] . A two-part study investigated the relationships between hair, FN, and salivary cortisol [29] . The first part of the study compared FN cortisol compared hair and nail cortisol samples in men (n = 58) and found a moderate correlation (r = 0.430; p < 0.05). The second part compared monthly FN cortisol to a retrospective salivary cortisol value (four samples in 1 day) and found the strongest correlations at four months (p < 0.05) and five months (P < 0.01) prior [29] . These results suggest that nail cortisol may be both a retrospective or chronic measure of cortisol depending on the depth (transverse area) of the nail sample (See Fig. 1 ). Future studies should control for nail growth rate by having participants trim nails at regular intervals (weekly or monthly) and depths to better assess the window of time at which cortisol was deposited from the nail matrix [37] . Furthermore, subjective stress measures should be employed at corresponding intervals to allow for correlation of selfreported and physiological markers of stress. Another factor that has been observed is the effect of taxane chemotherapy on nail development [38] ; this synopsis of case reports indicates that nail growth rate may be affected at least intermittently by damage to the nail matrix and epithelium. While some patients experience long-term nail abnormalities, the rate and persistence of nail perturbance due to taxane treatment have not been determined. Nonetheless, type of chemotherapy should be obtained when studying biological specimens in this population.
One limitation of this study was the loss of adequate sample mass due to our goal to evaluate separate processing/storage techniques, i.e., RT versus frozen. Additionally, the use of only one salivary cortisol sample at each time point is a major limitation, though most samples that were collected after morning cortisol peaks would have subsided. Also, type of chemotherapy was not obtained from participants, limiting our ability to observe effects of different treatments on cortisol levels. Despite these limitations, the collection, processing, and analytical methods herein are beneficial to investigators seeking to study cortisol in cancer survivors. Given that FN and TN cortisol values were consistent for participants over time, further investigation is warranted. Nonetheless, the current study is the first to investigate TN cortisol levels and first to report congruence between FN, TN, and salivary cortisol. Nail clippings are a promising specimen for analysis and may offer a means to measure chronic cortisol levels in cancer survivors. 
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